I. Introduction For wireless sensor networks, one of the performance bottlenecks is node lifetime [1] . A well designed external interface that incorporates power scavenging, stable mechanics, and efficient wireless transmission can improve node lifetime and would be critical for the massive deployment of wireless networks in outdoor situations, such as environmental control, telematics, structural monitoring and military sensing. To date, several wireless sensor nodes have been integrated with solar cells to increase the robustness of the network [2] . To boost communication range, monopole antenna has been utilized in most nodes because it achieves an omnidirectional radiation pattern desired by ground to ground communication link between the sensor nodes. However, a monopole antenna perpendicular to ground is not mechanically stable, and thus requires additional packaging to avoid node failure from the unexpected outdoor environments. Annular slot loop antennas, ASA, can have similar radiation characteristic to a monopole antenna on a planar surface parallel to ground, thus dramatically reducing the antenna profile. However, since a shorting across the slot would tilt the radiation pattern towards one direction [3] , an ASA cannot operate as desired when placed in the same board space under the solar cell circuitry. Several solar antenna integration methods have been published to this date [4] - [5] , but all of them are for ground to space applications where a directive antenna is favorable. In this paper, a planar, ground-to-ground, 2.4GHz solar antenna suitable for 802.15.4 wireless sensor network standard is proposed by integrating a circular array of slot antennas with solar cells.
II. Circular Slot Antenna Design The "solar-enabled" antenna consists of 4 metal layers as shown in Fig 1. The top three layer thicknesses are given by PCBexpress's 4-layer FR4 (E r =4.6-4.7) fabrication standard. FR4 process is chosen because it is a cheap, industrialized process that is ready for immediate massive deployment. The slot antenna layer and the feeding network are shown in Fig 2. Slot antenna is chosen as the radiator because its E-and H-field are perpendicular and parallel to the ground plane, respectively, when the wave propagates along the ground. [6] This is the same propagation orientation as the E-and H-field generated by a monopole normal to ground. The two slots on each axis were fed 180 0 degrees out of phase to generate an end fire pattern along the ground. The feeding network divides the input signal equally and generates a 180 0 degrees out-of-phase signal by exciting the slots in opposite directions. The overall dimensions are shown in Table 1 . The structure is simulated and optimized using HFSS. Fig. 3 shows the antenna return loss achieving a SII<-12dB from 2.35GHz to 2.5GHz with/without the solar cell circuitry, for an elevation of 2cm above an infinite earth of a=O.OI S/m and E r =5 [6] . The radiation pattern, shown in Fig. 4 , includes the simulated radiation 978-1-4244-3647-7/09/$25.00 ©2009 IEEE performance in free space as well as above an infinite ground. The difference in the 8=90°directivity for the x-and y-cut is mainly caused by the size difference in GW and GL. These simulation results show that the proposed antenna covers the 2.4GHz to 2.5GHz ISM band, and most of the radiated energy is radiated away from the zenith. The antenna is currently submitted for fabrication and the measurement results will be available at the conference. 5 , with a dicing saw. The maximum power voltage of the structure would be 5.4V assuming a worst case 25% voltage drop [7] . This is capable of charging lithiumion battery at 4.2V, along with supplying a wireless sensor node power at 3V. A power management circuit based on [8] has been built with TI bq24031 and LTC 1771. The circuit supplies voltage between 4.2 to 6V to charge the battery at sleep mode, and discharges the battery to supply the wireless sensor node at low supply conditions. A video demo of this circuit will be available at the conference. Combining these with the sleep and wakeup strategies mentioned in [2] , compact autonomous nodes can be achieved.
IV. Conclusion A novel mechanically stable, omnidirectional, low profile "solar-enabled" antenna is proposed and features very good radiation and matching characteristics suitable for the 2.4GHz wireless sensor network protocol. By using cheap, realizable fabrication process to achieve a compact integration, the proposed antenna integration concept could be a disruptive technology that would potentially enable truly autonomous, robust wireless sensor network in "rugged" outdoor environment. 
